Pattern recognition techniques for loose parts location in nuclear power reactors are in. vestigated. The location method is based on determining a reference impact position closest to the unknown impact from a library in which data for reference impacts are listed. The values of sound amplitude and arrival time as obtained from accelerometers are used for the pattern information which is inherent in impact position. The distance between unknown and reference impact positions is estimated from the similarity of each pattern. The pattern distance between two sound sources is defined as an index of the pattern similarity. Relationships between the pattern distance and the actual distance of the impacts are studied using impact data from a commercial boiling water reactor. It is found that the pattern distance and the actual distance have a very close correlation and the false probability that the zero impact distance is determined to be a distance of more than 0.6 m is 0.15. These results suggest that the pattern recognition techniques can be applied to loose parts detection and location on pressure vessels.
I. INTRODUCTION
Reports have appeared in the literature on experiences in finding metallic loose parts in primary coolant systems of light water reactor plantsw '2'. As such, reactor surveillance systems having a capability for metallic loose parts detection are important in achieving reliable plant operation.
Piezoelectric accelerometers attached on the outside of a pressure vessel can be used to detect anomalous phenomena related to metallic impacts in the vessel. Application of the acoustic method to on-line surveillance, however, has a problem which arises from the high level of background noise caused by coolant flow, boiling and mechanical sounds from the motion of reactor components. Continuous background noise such as coolant flow noise or boiling noise can be rejected by the band-pass filtering technique. On the other hand, characteristics of mechanical noise caused by the motion of reactor components such as control rods, valves and traversing in-core probes are essentially the same as the impact sound caused by metallic loose parts. The distinction between sounds from loose parts and these mechanical noises can be made by location of the sound sources. The location is also Moriyama-cho, Hitachi-shi 316. ** Komachi, Hiroshima-shi 730. Uchisaiwaicho, Chiyoda-ku, Tokyo 100. **** Toshin-cho, Higashi-ku,Nagoya 461. 1 2 -useful to estimate impact energy , and to locate and characterize metallic loose parts in pressure vessels.
A triangulation technique is commonly used for sound source location. By this method, impact position is obtained as a cross point of hyperbolas determined from arrival time differences and the wave speed. It is essential for this method that the speed should be previously known. However, speed varies with wave mode, wave frequency and medium thickness ; the wave speed calculated from information on arrival time and the distance between the accelerometers and impact position on a commercial boiling water reactor vessel varies by a factor of 2 or more. In practice, therefore, it is difficult to determine the wave speed on complex structures such as a reactor pressure vessel.
A location technique using signal amplitude information was previously tried by Kryter & Shahrokhi(3) . They concluded that signal amplitude information is useful for the impact location on a vessel. However, this technique also presents a problem related to uncertainty of the power attenuation which strongly depends on the shapes of sound media and varies between 0.7 and 1.5.
Our group applied the pattern recognition technique to impact location by using both information on signal arrival time to accelerometers and on signal amplitude(4). The pattern recognition technique does not need wave speed and attenuation power information, offering an advantage over the triangulation and the amplitude-based methods.
II METHOD

Principle of Pattern Recognition Technique for Impact Location
The information on impact position is contained in mutual relationships between amplitudes and arrival times of impact signals detected by three or more accelerometers. As shown in Fig. 1 , impact signals detected by the three sensors (S1, S2 and S3) have time and amplitude differences between them. The arrival time and amplitude depend on a number of factors, such as the length of the sound path and shape of the sound medium. The ratio of amplitudes and time differences between the sensor signals, however, is basically invariable for impacts at the same position. This information is represented as the amplitude and arrival time pattern of Fig. 1(b) . In the figure, the horizontal and vertical axes represent delay time from the first detection signal and amplitude normalized by the maximum amplitude, respectively.
The information from each sensor signal is represented as a position on the two-dimensional plane.
Different impact positions may have different patterns, but the same impact position may have the same or, very similar, patterns. In this method, the impact position is determined as being in some neighborhood of the reference impact position which has a pattern closest to that of the impact to be located.
The principle is illustrated in Fig. 2 . Information for patterns PA and PB, corresponding to reference impact positions A and B, is previously collected in a reference pattern library.
The position of impact C can be located by comparing pattern Pc with patterns PA and PB. From the fact that pattern Pc is closer to pattern PB than pattern PA, the position of impact C is assumed to be in the neighborhood of impact position B. To select the closest pattern from the library, the distance between the patterns must be defined as an index of the pattern similarity.
Definition of Pattern Distance
For the distance between two patterns X{xi} and Y {yi}, we use basically a least square distance D which is obtained by and then (1) The values xi and yi in this equation correspond to information on amplitude or arrival time of the i-th accelerometer and N corresponds to the number of accelerometers.
Using Eq. (1), the time pattern distance DT between impact positions A and B is defined as (2) where tAi, tBi : Arrival times to i-th accelerometer from impacts A and B, respectively.
The amplitude pattern distance DA is defined as
where ai,bi Signal amplitudes of i-th accelerometer for impacts A and B, respectively.
This expression differs slightly from Eq. (1) or (2) in that the denominator, which is semi-empirically determined, is included. The significance of the denominator is mentioned later.
The combined pattern distance DC is defined as impact position of the pattern in Fig. 5(c) is more than 10m distant from those in the other two. The impact distances and pattern distances, calculated according to Eqs. (2) and (3), are compared in Table 1 . As is evident from the table, the pattern distance for short impact distances has a small value as compared with that for long impact distances. 
Correlations between Pattern Distances and Impact Distances
Relationships of the pattern distances DA and Dr to impact distance d are plotted in Fig. 6 (a) and (b), respectively.
As seen in the figures, the pattern distances have strong correlations with the impact distances. The correlation coefficients between DA and DT u s. d are 0.71 and 0.87, respectively. Fig. 7 . The weight parameter a can be determined so that the correlation coefficient of Dc us. d has the maximum value (See APPENDIX). In this way, the correlation coefficient is obtained as 0.91.
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The fact that the value of the correlation coefficient between DA us. d is less than that for DT means that arrival time information is more valuable for impact location than is amplitude information.
However, amplitude information is still useful because the correlation coefficient for De is improved in comparison with those for DT and DA. It is desirable that the pattern distance for the same impact positions be zero or a small value so that mechanical noise, such as sound from driving control rods, can be identified 17-as separate from the loose parts impact sound. Since the mechanical noises are generated at fixed positions, the pattern recognition technique is convenient for this purpose. According to Eqs. (7) and (9), the pattern distances for the same impact positions should be zero but, in practice, they are not always zero, deviations occur for various reasons, including noise and change of wave speed which depends slightly on impact energy.
Pattern Distances for Same Impact Positions
The distribution of DT and DA for the same impact position is shown in Fig. 8 . In this figure, DT and DA are calculated from two patterns, one being pattern data averaged from five impacts and the other being single impact data. As seen from the figure, the majority of the points have values of less than 0.3. The integral distribution of DC for the same impact position is shown in Fig. 9 . As seen in the figure, 85% of the DC values are less than 0.3. The Dc values are always larger than 0.3 for the d of 0.6m or more ( Fig.7) . This fact indicates the false probability of impacts of the same position being judged as having a distance of 0,6m or more is 0.15. 4. Discussion for Practical Application Information from more than three accelerometers is required for location. The signal to noise ratios of accelerometer signals are reduced when the impact energy is low or the distances from the impact to accelerometers are long. Therefore, when an impact sound is detected, the S/N ratio should be measured and accelerometers giving effective information should be selected.
If the number of selected accelerometers is less than three, location cannot be made. To avoid this case, many accelerometers should be installed on pressure vessels. Nine or more accelerometers may be necessary for location of impact position anywhere on the pressure vessel of 1,000 MWe class BWRs. This requirement is almost the same as for the triangulation method. The location method requires many reference impact data for high location accuracy.
Reference impacts on at least 150 mesh points are required to achieve location errors within 1m on the pressure vessel of 1,000 MWe class BWRs. It is not easy to collect reference data for so many positions.
The number of impact positions can be reduced by interpolat-
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ing between reference points. This is presently being investigated.
V. CONCLUSIONS
An impact location method for the detection of loose parts in nuclear power reactors was studied. This location method is based on determining a reference impact position closest to the unknown impact position from a library in which data for reference impact positions are listed. The distance between the unknown and reference impact positions is estimated from the pattern distance. The patterns consist of amplitude and arrival time information from accelerometer signals. For this purpose, the pattern distances were defined and the relationship between pattern distance and actual distance were investigated by analyzing reactor pressure vessel impact data of a commercial boiling water reactor. The following results were obtained:
(1) There are strong correlations between actual distance and amplitude or arrival time pattern distance. The correlation coefficients are 0.71 and 0.87, respectively. (2) The correlation coefficient can be improved to 0.91 by optimizing the weighted average value of amplitude and arrival time pattern distances. (3) The pattern distances for the zero impact distance have sufficiently small values.
False probability of impact of the same position being judged as having a distance of more than 0.6m is 0.15. These results suggested that the pattern recognition technique can be applied to loose parts location in reactor pressure vessels. 
The weight parameter a is determined so that the value gd ,c has a maximum value. Then, under the condition of pgd ,c/pa=0, we obtain the following equation: 
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